Chlorophyll d-producing cyanobacteria are a recently described group of phototrophic bacteria that is a major focus of photosynthesis research, previously known only from marine environments in symbiosis with eukaryotes. We have discovered a free-living member of this group from a eutrophic hypersaline lake. Phylogenetic analyses indicated these strains are closely related to each other but not to prochlorophyte cyanobacteria that also use an alternative form of chlorophyll as the major light-harvesting pigment. We have also demonstrated that these bacteria acquired a fragment of the small-subunit rRNA gene encoding a conserved hairpin in the bacterial ribosome from a proteobacterial donor at least 10 million years before the present. Thus, our most widely used phylogenetic marker can be a mosaic of sequence fragments with widely divergent evolutionary histories.
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cyanobacteria ͉ lateral gene transfer C hlorophyll (Chl) d-producing cyanobacteria are a recently discovered group of oxygenic photoautotrophs that are unique in their use of this far-red light-absorbing structural relative of Chl a as the major photosynthetic pigment (1, 2) . The photosynthetic apparatus of these bacteria is structurally and functionally distinct (3, 4) , and its study has had a major impact on current perspectives regarding both the mechanisms and evolutionary origins of oxygenic photosynthesis (e.g., refs. 5 and 6).
Research on photosynthesis with Chl d has thus far been limited to a single strain, Acaryochloris marina MBIC-11017, and the extent of the diversity of this group is unknown. Chl d-producing organisms have been reported from only two marine habitats. A. marina MBIC-11017 was isolated from a colonial ascidian from low-nutrient tropical western Pacific coastal waters (1), whereas strain Awaji was obtained from epiphytic growth on a red alga (2) . Here, we report the isolation of a strain of Chl d-producing cyanobacteria from the Salton Sea, a moderately hypersaline (41-45 g⅐liter Ϫ1 ) lake in California. In contrast to the nutrient-poor environment where this group was first discovered, the Salton Sea is eutrophic, because nearly all of its inflow is derived from agricultural and municipal wastewater (7) .
The evolutionary origin of photosynthesis with Chl d was not resolved in a previous phylogenetic analysis (8) . Because these bacteria are superficially similar to prochlorophyte cyanobacteria in their use of an alternative form of Chl as the major pigment and the absence of the phycobilisome light-harvesting complex found in most cyanobacteria, it is of interest to determine whether Chl d-producing cyanobacteria were derived from a prochlorophyte lineage. Our small-subunit (SSU) rRNA gene phylogenies indicated that these Chl d-producing strains are closely related and provided evidence that the closest relative of this group is not a prochlorophyte. Additionally, Miyashita et al. (8) discovered that the variable 1 region of the SSU rRNA gene (V1) (Escherichia coli nucleotide positions 61-106) in A. marina strain MBIC-11017 is anomalously long for a cyanobacterium and is identical to the V1 DNA of certain proteobacteria. They noted that this similarity could potentially be explained either by lateral gene transfer (LGT) from a foreign donor or by convergent evolution (8) . Motivated by our own observation that the SSU rRNA gene of our strain also contains this anomalous sequence, we used molecular evolutionary approaches grounded in a maximum likelihood statistical framework to show that the V1 DNA in Chl d-producing cyanobacteria and the RNA hairpin it encodes were acquired relatively recently by LGT from a ␤-proteobacterial donor. This demonstrates that ribosomeencoding DNA can be transferred in nature between distant relatives that last shared a common ancestor Ͼ2.5 billion years ago.
Materials and Methods
Strain Isolation and Maintenance. Strain CCMEE 5410 was isolated from epilithic microbial mat collected in January 1999 from rip rap rock forming a dike at the southern shore of the Salton Sea (33°08.57Ј N and 115°39.32Ј W; ref. 9). The positive enrichment in IOBG11 medium [BG11 with 24 g⅐liter Ϫ1 Instant Ocean salt (Aquarium Systems, Mentor, OH)] had been inoculated with 1 ml of 10 5 -fold diluted sample homogenate. Upon streak-dilution plating, a majority of colonies were lime-green, and the strain isolated from this plate was considered to be a clone after multiple rounds of plating. Growth conditions were 23°C and 50 mol photons m Ϫ2 ⅐s Ϫ1 . The strain has been deposited in the University of Oregon Culture Collection of Microorganisms from Extreme Environments.
Pigment Analysis. Cultures of strain CCMEE 5410 and A. marina strain MBIC-11017 were grown in IOBG11 medium under 15 mol photons m Ϫ2 ⅐sec Ϫ1 of continuous fluorescent light. Approximately 3 mg of dried cells was suspended in 1 ml of acetone͞methanol (7:3, vol͞vol) containing 200 mM hydroquinone, sonicated for 2 min, and briefly dark-incubated on ice. After centrifugation, the supernatant was transferred to a test tube and stored in the dark at 4°C. Pigment extracts were applied onto a Beckman System Gold HPLC system (Beckman Coulter) with a 250 ϫ 4.6-mm Phenomenex (Belmont, CA) C-18 reversephase column (00G-4097-EO), and Chl and carotenoid peaks were detected at 420 nm. Pigments were eluted with an acetone͞ water elution gradient at a sample flow rate of 1 ml⅐min Ϫ1 . Absorption spectra of HPLC fractions were used for pigment This paper was submitted directly (Track II) to the PNAS office.
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identification and quantitation with published extinction coefficients. The isotopic mass of each fraction was determined by MALDI-TOF mass spectroscopy with an Applied Biosystems Mass Spec Voyager DE-STR.
Transmission Electron Microscopy. Exponential phase cells were fixed overnight in 3% glutaraldehyde͞0.1 M sodium cacodylate, pH 7.0, followed by 2% osmium tetroxide in the same buffer for 2 h, and embedded in Spurr's resin. Sections were cut with a LKB Ultrotome, poststained on a grid with 5% uranyl acetate and lead citrate, and imaged with a Phillips (Eindhoven, The Netherlands) CM12 electron microscope.
DNA Extraction, Amplification, and Sequencing. Protocols for genomic DNA isolation and thermal cycling were as described (10) . The nearly complete 16S rRNA gene sequence was amplified as two fragments spanning E. coli positions 8-1334 and 359-1528 with primer sets AGAGTTTGATCMTGGCT-CAGG͞CTTCAYGYAGGCGAGTTGCAGC and GGGGA-AT YT TCCGCA ATGGG͞A A AGGAGGTGATCCAGCC. Fragments were sequenced bidirectionally on an Applied Biosystems 3700.
Phylogeny Reconstruction. Sequences were aligned as described (10) . Phylogenies were reconstructed from 1,412 nucleotides of SSU rRNA gene sequence data by maximum likelihood, parsimony, and neighbor-joining methods with PAUP*, Ver. 4.0 (11). The substitution model used for likelihood analysis (general time reversible and gamma) was selected by Akaike information criterion (AIC) as the best model by the program MODELTEST (12) . After the starting tree was obtained by random stepwise addition, heuristic searches for likelihood and parsimony were performed by using the tree-bisection-reconnection branchswapping algorithm. Phylogenies were bootstrapped with either 100 (likelihood) or 1,000 (parsimony, neighbor-joining) replicates. rRNA secondary structure models were developed by using models available at the Comparative RNA Web Site (www.rna.icmb.utexas.edu).
Analyzing V1 DNA Sequence Length Distributions. SSU rRNA gene sequences including the V1 region (E. coli positions 61-106) were obtained from GenBank for 531 cyanobacterial and 355 ␤-proteobacterial laboratory isolates. Sequences for each group were separately aligned with CLUSTALW, Ver. 1.83 (13) . For each sequence, the length of V1 DNA was quantified as the number of nucleotides (alignment gaps excluded) between E. coli positions 60 and 107. This alignment was anchored by conserved sequences flanking V1, ensuring accurate determination of V1 length. Negative binomial distributions were fit separately by maximum likelihood to cyanobacterial and ␤-proteobacterial data (SAS, Ver. 8, SAS Institute, Cary, NC). AIC was used to statistically compare likelihood models (14) . The model with the lowest AIC score is the best model, and the probability of each model is given by e 0.5⌬i , where ⌬ i is the difference in AIC score between model i and the best model.
Testing the Molecular Clock Hypothesis. Sequence data used to reconstruct phylogenies above were analyzed with HYPHY, Ver. 0.96 (www.hyphy.org). All tests assumed the general timereversible and gamma substitution model. MOLECULARCLOCK.BF uses a likelihood ratio test to test the null hypothesis that sequence divergence over the entire phylogeny can be described by a global molecular clock. It compares two nested models, one constrained to clock-like behavior and the other unconstrained. Significance of the test is given by its asymptotic P value. Similarly, LOCALMOLCLOCK.BF performs a likelihood ratio test for each subtree of the phylogeny to evaluate whether sequence divergence of any of these subtrees conforms to a local clock. 
Results and Discussion

Discovery of a Free-Living Chl d-Producing Cyanobacterium from a
Eutrophic Saline Lake. We discovered a Chl d-producing cyanobacterium as part of a multidisciplinary effort to characterize the limnology and biology of the Salton Sea (9). The strain was isolated from an epilithic microbial mat community collected at 0.25-m depth from bare rip rap jetty rock along the southern shore of the lake between two of its major tributaries, the New and Alamo Rivers. At the time of our collection, the salinity of the water column was 34‰, Ϸ80% of full lake salinity, indicating prevalence of lake water at the site with only a minor influence of freshwater influent.
The lake and its tributaries are characterized by high levels of nitrogen and a high N:P ratio, indicating that phosphorus is the limiting nutrient for growth (15) . At the time of our collection, nitrogen levels in southern basin lake water were 2.5 mg⅐l Ϫ1 total N, primarily consisting of organic-N (1.1 mg⅐l Ϫ1 ) and ammonia-N (1.2 mg⅐l Ϫ1 ); total P was estimated to be 0.1 mg⅐l Ϫ1 (15) . The high level of ammonia-N in the lake is indicative of frequent reducing conditions, most notably manifested as periodic fish kills during episodes of anoxia and sulfide accumulation throughout the entire water column. Levels of dissolved organic carbon are also high, with an average concentration for 1999 of 40.9 mg⅐l Ϫ1 (15). During 1999, the 1% light transmittance depth throughout the basin ranged from 1.8 to 4.8 m (15). Dinoflagellates and diatoms dominate the phytoplankton, and Chl a concentrations as high as 560 g⅐l Ϫ1 have been measured throughout the near-shore southern basin (16) . Chl a selectively absorbs red light, enriching the relative amount of far-red wavelengths in transmitted light, which can be efficiently harvested by Chl d.
Several morphological types of cyanobacteria, but no eukaryotic algae, were observed in the microbial mat sample by light and epifluorescent microscopy. Unicells conforming to the dimensions of strain CCMEE 5410 (1.5-2 m for long axis) and larger (Ϸ3-m diameter) phycocyanin-rich coccoid unicells were the most abundant cyanobacteria. Three types of oscillatorian (Subsection III) cyanobacteria were in lower relative abundance: a phycoerythrin-containing member of the genus Leptolyngbya; a motile phycoerythrin-lacking Geitlerinema; and a third corresponding morphologically to Phormidium foveolarum Gomont (9) . All of these types have been isolated in laboratory culture, and two of the filamentous strains are described in detail elsewhere (9) .
Only unicells were present in the most diluted (10 5 -fold) successful enrichment, confirming their numerical abundance in the community. The majority of colonies observed after plating were lime-green, and strain CCMEE 5410 was isolated from one of these. The absorption spectrum of a methanol extract of this strain's pigments resembled that of A. marina MBIC-11017 (Fig.  1A) , indicating that strain CCMEE 5410 produces large amounts of Chl d. HPLC analysis and quantitation by absorption spectroscopy of the major pigments of these strains further confirmed that both are very similar in terms of the kind and amount of Chls and carotenoids produced ( Fig. 1B ; Table 1 ). Isotopic masses of the Chl HPLC fractions, determined by MALDI-TOF mass spectroscopy, were likewise indicative of Chl d (894.5 Da) and Chl a (892.5 Da) (data not shown). Transmission electron micrographs further showed that strain CCMEE 5410 is a prokaryote and that, like A. marina (1), its peripherally stacked thylakoid membranes lack phycobilisomes, the light-harvesting antennae used by most cyanobacteria (Fig. 2) . The major insight of our discovery is that we have extended the known niche of Chl d-producing cyanobacteria to a eutrophic hypersaline lake and have shown that these organisms are not restricted to intimate ecological associations with macroscopic eukaryotes. At the macroscale, the Salton Sea environment is dramatically different from the relatively pristine waters from which the symbiotic forms were isolated. However, details of the actual microenvironmental conditions, in particular redox and nutrient status, at the interface between the symbiotic forms and their hosts were not reported. Further investigation of these associations would resolve whether the frequent reducing conditions, availability of dissolved organic carbon and reduced N, and͞or the relatively far-red enriched light field in the Salton Sea reflect fundamental characteristics of the realized niches of these bacteria. If so, additional forms of free-living Chl d- producing bacteria may occur in other eutrophic habitats where these conditions prevail.
Phylogeny of Chl d-Producing Cyanobacteria.
The phylogenetic position of A. marina MBIC-11017 was not resolved in a previous analysis (8) . We reconstructed SSU rRNA gene phylogenies to determine whether Chl d-producing cyanobacteria form an evolutionarily coherent clade and to attempt to identify their closest relative that does not produce this pigment. Nearly complete sequences of the SSU rRNA gene from strains CC-MEE 5410 and MBIC-11017 (1,496 and 1,466 bp, respectively) are 99.2% identical. In maximum likelihood, parsimony, and neighbor-joining SSU rRNA gene phylogenies, the strains cluster as sister taxa within the cyanobacteria and form a moderate to strongly bootstrap-supported clade with Synechococcus IR11, a strain isolated from a Japanese tidepool (Fig. 3) . The latter primarily harvests light with phycobiliproteins (unpublished data). This suggests that these bacteria were not derived from a lineage of prochlorophytes, which also mainly harvest light with an alternative Chl (Chl b).
Unusual V1 in both Chl d Strains.
Strains CCMEE 5410 and MBIC-11017 (8) both possess an identical V1 region of the SSU rRNA gene (E. coli positions 61-106, excluded during phylogeny reconstruction above) that is 14-18 nt longer than all other cyanobacterial sequences in our original dataset (Fig. 4) . Instead, ␤-proteobacterial V1s yielded the highest expectation values in a BLAST similarity search for this region, and the V1 sequence of the Chl d strains was completely identical to that of two clinical isolates, Bordetella strain 61717 and Alcaligenes strain LMG 5906 (Fig. 4) . In contrast, nucleotide identities of the Chl d strains at variable sites in V1 flanking DNA (E. coli positions 38, 43, 50, and 108) are characteristic of other cyanobacteria. Because we sequenced this gene directly from a population of PCR products and detected no sequence heterogeneity, we are confident that no conventional cyanobacterial copies of this gene exist in the strain CCMEE 5410 genome.
Evidence for LGT of V1. The cyanobacteria and ␤-proteobacteria diverged from their most recent common ancestor at least 2.5 (and perhaps Ͼ3.5) billion years ago based on geological, geochemical, and paleontological evidence (17) (18) (19) . The domain Bacteria exhibits Ͼ5-fold variation in V1 length (www.rna.icmb. utexas.edu). If most of this variation is partitioned between, rather than within, bacterial phyla, however, then phyla may have idiosyncratic V1 length signatures that facilitate the identification of sequences of foreign origin as outliers. We determined V1 length for the SSU rRNA gene sequences of 531 cyanobacterial laboratory isolates deposited in GenBank. The identical V1 of the Chl d strains, 44 nt in length, is a major outlier of the cyanobacterial distribution (Fig. 5) . In contrast, the distribution of the V1 sequences of 355 ␤-proteobacterial laboratory isolates largely does not overlap the cyanobacterial distribution but does contain the value observed for the Chl d strains. To estimate whether V1 DNA of the Chl d strains could have possibly evolved by chance during cyanobacterial evolution, we used AIC (14) to statistically compare two alternative models (LGT and chance) for the origin of V1. For both models, negative binomial distributions were fit by maximum likelihood to V1 length data for cyanobacteria and ␤-proteobacteria, respectively. Data for the Chl d strains were assumed to belong to the cyanobacterial distribution in the chance model and to the ␤-proteobacterial distribution (i.e., and subsequently acquired by a cyanobacterium) in the LGT model. The LGT model fit the data much better than the chance model, indicated by its lower AIC score (Ϫ149,642 vs. Ϫ149,627) and the large difference in score between models (⌬ i ϭ 23.12). The likelihoods of the chance and LGT models (given by e 0.5⌬i ), are 9.5 ϫ 10 Ϫ6 and 1, respectively. The probability that the chance model is correct is (e 0.5⌬i ) chance ͞ ⌺ e 0.5⌬i , or Ͻ10 Ϫ5 . That is, there is no statistical support for the hypothesis of chance convergence, but there is strong support for
LGT.
Secondary structure models of mature rRNAs are accurately inferred from their encoding gene sequences (www.rna.icmb.utexas.edu) and also support a LGT origin of the V1 DNA in these strains (Fig. 6) . V1 encodes the spur of the ribosome, a conserved hairpin in the 5Ј domain of the bacterial SSU rRNA (20) . The inferred secondary structure for the Chl d strains bears little similarity to other cyanobacterial spurs (Fig. 6 ). For example, these strains and ␤-proteobacteria share several bulge motifs that have no structural equivalent in other cyanobacteria, including an AG bulge at E. coli positions 71-72 and a G bulge at position 100 (Figs. 4 and 6 ). To explain this as convergence, one must invoke the independent evolution of structural novelties unique to the cyanobacterial radiation. Furthermore, not only is the spur of the Chl d strains identical to those of Bordetella 6717 and Alcaligenes LMG5906, but it also exhibits only slight differences from many other ␤-proteobacterial spurs (Fig. 6 ).
Using Sequence Divergence Times to Address When V1 Was Acquired.
Based on our phylogenetic information, the acquisition of the V1 DNA in strains CCMEE 5410 and MBIC-11017 is constrained to the time period (i.e., the branch on the phylogeny) after these strains last shared a common ancestor with Synechococcus IR11 (Node B in Fig. 3 ) but before their divergence from each other (Node A in Fig. 3 ). Using published rates for SSU rRNA gene evolution, we can estimate dates for these key divergence events that define the evolutionary window within which LGT occurred, provided that divergence of this locus in the Chl d strains͞ Synechococcus IR11 clade can be described by a molecular clock (i.e., if the amount of evolution from the root of this clade to each tip is constant). For the cyanobacterial sequence data (excluding V1) and their inferred branching order in the likelihood phylogeny in Fig. 3 , we used maximum likelihood to implement a general time-reversible model of nucleotide substitution with among-site rate heterogeneity, either with or without an imposed clock. For the entire tree, as well as for every possible subtree defined by the internal nodes of the phylogeny, pairs of clock and no-clock models were compared with likelihood ratio tests. Whereas the tree as a whole clearly does not obey a global molecular clock (Ϫ2⌬L ϭ 1995, P Ͻ 0.0001), sequence evolution of the clade comprising the Chl d strains and Synechococcus strain IR11 does conform to a local clock, indicated by lack of a statistical difference between the likelihoods of the clock and no-clock models (Ϫ2⌬L ϭ 0.13, P ϭ 0.72).
We next estimated the timing of divergence at the nodes that bound the LGT event using the fossil record calibrated SSU rRNA gene clock for a group of aphid endosymbionts (genus Buchnera) (21) . The clock's rate of 0.01-0.02 nucleotide substitutions per site per 50 million years [sub͞site per 50 mega-annum (Ma)] agrees well with a more general estimate for Bacteria of 0.01 sub͞site per 50 Ma (22) . Under our local clock model above, estimated sequence divergence (ϮSE) is 0.005 Ϯ 0.0014 substitutions per site after the bifurcation at Node A (Fig. 3) and 0.044 Ϯ 0.0056 per site after the split at Node B. For a rate of 0.02 sub͞site per 50 Ma, the divergence times at Nodes A and B are estimated to be 12.5 Ϯ 3.50 and 109.7 Ϯ 14.00 Ma ago, respectively. Divergence time estimates using simpler evolutionary models that did not necessarily assume among-site rate heterogeneity were qualitatively similar (data not shown). Estimates are doubled if one assumes the slower rate, thereby dating the acquisition of ␤-proteobacterial DNA by the ancestor of the Chl d strains between Ϸ10 and 200 Ma ago. Because these bacteria are the only organisms known to produce Chl d (2), these dates also estimate the time frame during which the use of this novel pigment evolved, which suggests that it occurred relatively late during cyanobacterial diversification.
Implications of LGT for Phylogeny Reconstruction and Structural
Innovation. Hybrid ribosomes combining protein-RNA or RNA-RNA components from different and in some cases distantly related bacteria have been successfully constructed in the laboratory (23-26) . However, results of LGT of rrn operons be- tween enterobacteria in the laboratory (27) , in which recipients suffered a substantial reduction in fitness, are consistent with the expectation that such events are typically deleterious, and it has remained controversial whether highly conserved loci including the SSU rRNA gene belong to a genomic core that is recalcitrant to LGT in nature (28) (29) (30) (31) (32) (33) (34) . Still, possible examples of LGT of SSU rRNA-encoding DNA in nature have been reported based on patterns of rrn sequence heterogeneity, but these are limited to relatively closely related organisms, including halophilic Archaea (35) , rhizobia (36) , and certain actinomycetes (37-39). Our conclusion that an ancestor of extant Chl d-producing cyanobacteria acquired SSU rRNA-encoding DNA from a proteobacterium by LGT is therefore unprecedented for this locus in nature with respect to the astonishing evolutionary distance between donor and recipient lineages.
Because traditional phylogenetic methods ignore recombination, the SSU rRNA gene is assumed to be immune to LGT during phylogeny reconstruction. Simulations show, however, that even low levels of recombination within a gene can have dramatic effects on both the shape and topology of phylogenies, particularly if large divergent fragments are exchanged (40, 41) . In the present case, LGT was readily detected due to the evolutionary distance between donor and recipient lineages, and the affected nucleotides were removed before phylogenetic analysis. Because the amount of DNA exchanged was small, inclusion of V1 DNA in the maximum likelihood analysis did not alter the topology of the phylogeny and had negligible impact on estimates of tree parameters (data not shown). Still, because the probability of genetic exchange is generally considered to increase with the relatedness of donor and recipient, and the size of exchanged fragments can be large (42) , this example of intragenic transfer between distant relatives raises the possibility that DNA exchange within this gene may be more frequent among more closely related microorganisms than is currently recognized. Left undetected, cryptic LGT events involving larger and more similar DNA fragments could substantially affect the inference of both phylogenetic relationships and evolutionary tree parameters.
LGT within the SSU rRNA gene also represents a possible mechanism for introducing structural novelties into the ribosome that are unlikely to evolve by the mutational process alone. The fixation and long-term maintenance of this hybrid gene in Chl d-producing cyanobacteria suggest that it has been favored by natural selection. Although a function for the spur has yet to be identified, the importance of this RNA hairpin is suggested by both its evolutionary conservation in bacterial ribosomes and its large conformational displacement during the translation cycle after the binding of elongation factor G (43). An exciting challenge will be to determine whether this LGT event in fact has had consequences for ribosome function in these organisms.
